H
erpes simplex virus (HSV) and other human herpesviruses (HHVs; e.g., Epstein-Barr virus and varicella-zoster virus) have evolved a unique strategy of virion host shutoff, in which they efficiently suppress the host protein synthesis. At the onset of the lytic phase, viral immediate-early (IE) genes are expressed first. These IE proteins are responsible for inducing the expression of viral early and late genes. The key IE protein of HSV, infectious cell protein 27 (ICP27), helps in the host shutoff function (1, 2) . This 63-kDa protein consists of 512 amino acids and is involved in multiple functions, such as stalling host pre-RNA processing, exporting intronless viral mRNAs out of the nucleus, shuttling between host nucleus and cytoplasm facilitated by its nuclear export signal (NES) and nuclear localization signal (NLS), and interacting with RNA via its RGG box (3, 4) . Most of these functions are conserved across the Herpesviridae family, and ICP27 homologs are present in all known HHVs. Well-characterized homologs include IE4 in varicella-zoster virus, UL69 in human cytomegalovirus, EB2 (or SM) protein in EpsteinBarr virus, and open reading frame 57 (ORF57) in Kaposi's sarcoma-associated herpesvirus.
Carmody and Wente (5) have shown that, in eukaryotes, the process of pre-mRNA maturation and export from the nucleus is coupled with a splicing process. This involves the splicing factors (SRp20, 9G8, and ASF/SF2), the exon-junction complex, and the export proteins (TREX complex, TAP/NXF1, Aly/REF, and UAP56) that associate with the pre-mRNA and mRNA. Some of these proteins remain bound to the mRNA until they exit the nucleus through the nuclear pore complex. In an HSV-infected cell, ICP27 has been proposed to recruit SR protein kinase 1, resulting in unusual phosphorylation of splicing factors (SR proteins) (6, 7) . Consequently, spliceosome assembly is stalled and host pre-mRNA cannot be processed (8, 9) . It is reported that ICP27 interacts directly with export factors such as Aly/REF, making them unavailable to the host mRNAs (10, 11) . HSV-1 mRNAs are predominantly intronless and hence not dependent on host splicing machinery for maturation. However, they do need an adaptor to help them translocate out of the nucleus by interacting with the host export factors. ICP27 appears to act as that multiadaptor protein, binding to viral mRNAs and several host export proteins (e.g., Aly/REF, SRp20, 9G8, and TAP/NXF1) (11) (12) (13) . In this process, it has been proposed to undergo reversible head-to-tail intramolecular association that may regulate its binding to TAP/NXF1 (14) . Malik et al. (15) reported that ICP27 interacts with nucleoporin Nup62 of the nuclear pore complex to export the viral RNAs to the cytoplasm. Once in the cytoplasm, ICP27 is proposed to recruit cellular translation initiation factors such as eukaryotic translation initiation factor 3 (eIF3) and eIF4G, poly(A)-binding proteins, and polyribosomes, thus promoting translation of viral mRNAs (16, 17) .
Based on several assays and predictions by protein sequence analysis, ICP27 is proposed to have multiple functional domains. ICP27 mainly binds to intronless viral mRNAs, mainly transcribed during the IE and late stages of the viral lytic cycle. The N-terminal RGG-box motif (residues 138 to 152) of ICP27 is reported to be responsible for this interaction (4) . Unlike other known RGG-box-containing proteins that preferentially bind to G-quartet structures in mRNA, ICP27 seems to prefer GC-rich regions in mRNA that are flexible and without secondary structures (18) . In addition, three KH-like domains have been proposed to be located in the C-terminal part of protein that too may bind to mRNA (19, 20) . Other functional domains of ICP27 include the NES, NLS, and a putative zinc finger-like motif of CCHC-type (4, 21) . Secondary structure predictions indicate that the N-terminal region up to ϳ240 residues is disordered. Circular dichroism (CD) analysis and nuclear magnetic resonance (NMR) studies on the N-terminal half (residues 1 to 160) of the protein have in fact confirmed that this region is predominantly randomcoils with no rigid three-dimensional structure (22) . Another NMR study revealed that a short stretch of ICP27 (residues 103 to 110) was sufficient for binding to the RNA recognition motif of Aly/REF and was linear in the structure (23) . For the C-terminal half of ICP27, structure predictions indicate multiple alpha helices and a few interspersed beta strands. This region has been proposed to interact with several proteins such as Nup62, SAP145, SRp20, and TAP/NXF-1 (8, (12) (13) (14) (15) . As mentioned above, this domain is predicted to encompass the three KH domains and a zinc fingerlike motif of CCHC type (19, 21) . The C-terminal half is also proposed to undergo self-association that assists in its import into the nucleus (24) . This part of ICP27 is conserved across the human herpesvirus family and is essential for its functions (25) .
The sequence similarity between the ICP27 homologs from human herpesviruses is low but significant in regions. They display similarities in the secondary structure predictions, with N-terminal half being disordered and the C-terminal primarily consisting of ␣-helices (25) . The other well-studied ICP27 homologs, namely, ORF57 (Kaposi's sarcoma-associated virus [KSHV] ) and EB2 protein (EpsteinBarr virus [EBV]), have been reported to bind to SR proteins such as SF2/ASF, U2AF, and SRp20 (26, 27) , as in the case of ICP27. ORF57 has also been shown to interact with a TREX complex component, i.e., Aly/REF (28) , and with PYM that helps recruit 40S ribosomal subunit (29) . Similarities in the main functions of the homologs suggest that they may have related protein structure and mechanisms of action. However, thus far no experimental information exist regarding the structures of any of the homologs.
We present here the first structure of the C-terminal domain (residues 190 to 512) of ICP27 (ICP27-CTD) solved by X-ray crystallography to a resolution of 2.0 Å. The structure reveals a dimer, where N-and C-terminal regions form extensions surrounding and inserting into the neighboring subunit. We show that the zinc-binding motif of ICP27 is unique to other known zinc-binding domains. Further analysis by analytical ultracentrifugation also supports that ICP27-CTD exists as dimer in solution. The structural and mechanistic implications of this novel information are discussed.
MATERIALS AND METHODS
Subcloning, protein expression, and purification. Vector containing the gene for ICP27 from HSV-1 (GenBank accession number ABI63515) was generously provided by Jurgen Haas, University of Edinburgh. ICP27 gene encoding residues 190 to 512 of the C-terminal domain, here referred to ICP27-CTD, was subcloned into vector pNIC-Bsa4 (GenBank accession number EF198106) with N-terminal 6ϫHis tag and tobacco etch virus (TEV) protease cleavage site, using ligation-independent cloning. It was subsequently expressed in the BL21(DE3) Rosetta strain of Escherichia coli, grown at 37°C in Terrific broth, supplemented with 50 g of kanamycin/ml and 34 g of chloramphenicol/ml, to an optical density at 600 nm of 2.0. Expression was induced with 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at 18°C in the LEX system (Harbinger Biotech, Canada). Cells were harvested after 16 h, resuspended in lysis buffer (100 mM HEPES [pH 8.0], 500 mM NaCl, 10 mM imidazole, 10% [vol/ vol] glycerol) supplemented with 0.1 mg of lysozyme/ml, 1 l of protease inhibitor cocktail III (Calbiochem)/ml, 1 mM MgCl 2 , 2 l of Benzonase (Merck) per 750 ml of culture, and 1 mM tris(2-carboxyethyl)phosphine (TCEP), and stored at Ϫ80°C.
Cells were lysed on ice by sonication. The lysates were centrifuged at 47,000 ϫ g for 30 min at 4°C and then filtered through a 1.2-m-pore-size membrane. The filtrates were subjected to immobilized metal-ion affinity chromatography (IMAC) using a Ni-nitrilotriacetic acid Superflow column (Qiagen), pre-equilibrated with buffer (20 mM HEPES [pH 7.5], 500 mM NaCl, 10 mM imidazole, 10% [vol/vol] glycerol, 1 mM TCEP), and eluted with elution buffer (20 mM HEPES [pH 7.5], 500 mM NaCl, 500 mM imidazole, 10% [vol/vol] glycerol, 1 mM TCEP). The IMAC eluates were then subjected to second step of purification by size-exclusion chromatography using a HiLoad 16/60 Superdex 200 Prep-Grade column (GE Healthcare) pre-equilibrated with 20 mM HEPES (pH 7.5), 300 mM NaCl, 10% (vol/vol) glycerol, and 1 mM TCEP. Protein fractions were analyzed by SDS-PAGE and Western blotting. Fractions with the highest purity were collected and concentrated in a centrifugal concentrator with a molecular-weight cutoff of 10 kDa (Sartorius Stedim Biotech). Final protein concentrations were assessed by determining the UV absorbance at 280 nm. The ICP27-CTD protein was then stored at Ϫ80°C.
For SeMet-labeled ICP27-CTD, the cells were grown in the M9 selenomethionine (SeMet) high-yield growth medium (Shanghai Medicilon, Inc.). Cultivation and purification was performed as previously described for the native protein. Incorporation of the selenomethionine in the final protein was confirmed by mass spectrometry.
Crystallization, data collection, data processing, and structure refinement. ICP27-CTD protein (37.87 kDa) was concentrated to ϳ14 mg/ml (native) and ϳ21 mg/ml (SeMet labeled) and was crystallized by the hanging-drop vapor diffusion method. Next, 2 l of protein was mixed with 1 l of reservoir solution, consisting of 0.2 M sodium thiocyanate and 4% benzamidine hydrochloride. The crystals grew overnight at room temperature. The protein crystallized in two different forms: long rods and rock-like crystals. Crystals were soaked in cryoprotectant consisting of mother liquor and 25% (vol/vol) glycerol and were then flash-frozen in liquid N 2 . X-ray diffraction experiments (at 100 K) and subsequent data collections for crystals of native and SeMet-labeled ICP27-CTD were performed at the National Synchrotron Radiation Research Center (NSRRC) in Taiwan, the Australian Synchrotron (AS) in Australia, and the Diamond Light Source (DLS) in the United Kingdom.
The rock-like crystals belonged to space group C2. For the SeMetlabeled crystals, a single-wavelength anomalous dispersion (SAD) data set at 2.0-Å resolution was collected at peak wavelength for selenium (0.97893 Å) at the NSRRC (13B1 beamline). Native data were collected at 2.73 Å at the DLS and at 3.0 Å at the AS. All data sets were integrated and scaled using HKL2000 (30) . ICP27-CTD structure was solved with SAD method for the SeMet crystals and by molecular replacement for the native crystals using the SeMet crystal structure. Structure refinement was carried out using maximum-likelihood method of the phenix.refine program from the PHENIX suite (31) . Manual model building was performed by COOT (32) . The data statistics are summarized in Table 1 . In order to detect zinc atoms, the crystal was irradiated with X-rays at the K-edge for zinc (1.283 Å). A sharp absorption peak was observed, indicating presence of zinc atoms in the crystal (data not shown). Sedimentation equilibrium by analytical ultracentrifugation. A sedimentation equilibrium experiment was performed on ICP27-CTD at 20°C using a Beckman XL-I analytical ultracentrifuge. Next, 130 l each of homogenized ICP27-CTD samples with optical densities at 280 nm of 0.3, 0.5, and 0.8 were prepared. The buffer system used was composed of 20 mM HEPES (pH 7.5), 300 mM NaCl, and 10% (vol/ vol) glycerol. Centrifugation was carried out in a carbon-epoxy centerpiece with six quartz windows for references and samples. The samples were centrifuged until they reached equilibrium (15 h per speed) and run at 10,500, 12,700, and 15,500 rpm. The absorbance data were collected at 280 nm. Partial specific volumes and monomer molecular weights were calculated using the program SEDNTERP (33) . The partial specific volume of ICP27-CTD was 0.732291 cm 3 /g. Scan data sets were analyzed by SEDFIT software (34) . Data fitting was done to check the possibilities of the monomeric state and dimeric, trimeric, and tetrameric associations.
Phosphorylation of Ser/Thr residues. For phosphorylation with protein kinase A (PKA), 100 g of ICP27-CTD was incubated with 200 U of PKA type I catalytic subunit (New England BioLabs [NEB]) in 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , and 500 M ATP. For phosphorylation with casein kinase II (CKII), 100 g of ICP27-CTD was incubated with 250 U of CKII (NEB) in 20 mM Tris-HCl (pH 7.5), 50 mM KCl, 10 mM MgCl 2 , and 500 M ATP. For phosphorylation with protein kinase C (PKC), 100 g of ICP27-CTD was incubated with 160 mU of PKC (Sigma-Aldrich) in 20 mM HEPES (pH 7.5), 10 mM MgCl 2 , and 500 M ATP. All reactions were carried out overnight at 30°C. To determine whether phosphorylation had occurred, the sample was incubated with PhosphoProtein purification resin (Qiagen), which binds specifically to phosphorylated proteins. The manufacturer's protocol was followed to elute the bound protein, and fractions were analyzed using SDS-PAGE. The protein was analyzed with liquid chromatography-tandem mass spectrometry to identify phosphorylated residues.
Protein structure accession code. Atomic coordinates and structure factors for ICP27-CTD have been deposited in the RCSB Protein Data Bank (PDB) under accession code 5BQK.
FIG 2
Overall structure of ICP27-CTD. (A) A schematic representation shows that the ICP27-CTD monomer consists of 10 ␣-helices (␣1 to ␣10), separated by nine loops (L1 to L9) of varied lengths. The model starts at A242 and ends at F512 with the residues from 190 to 241 and His6-TEV tag missing. The first and last residues of each helix are indicated. The red dashed line indicates the four residues (G298 to G301) with missing electron densities. The orange circles indicate the positions of the zinc-binding residues. The schematic was prepared using TopDraw software in the CCP4 suite. (B) Diagram representation of ICP27-CTD monomer (magenta) in close contact with the second monomer, shown as a gray surface representation. The N-terminal arm of the first monomer is wrapped around the second monomer, whereas the C-terminal region is buried. The zinc ion is represented as a purple-gray sphere and is tetrahedrally coordinated by cysteine and histidine residues shown as sticks. (C) Diagram representation of ICP27-CTD monomer shown in two views rotated 90°along the x axis. The helical core is magenta, and the N and C termini are gray. The rotated figure shows the hollow region between the globular domain and the N-terminal arm.
RESULTS
Overall structure of ICP27-CTD. Native and SeMet-labeled ICP27-CTD were purified to homogeneity and crystallized in isomorphous crystal forms belonging to the space group C2 with three molecules in the asymmetric unit (ASU). The SeMet-labeled protein crystals diffracted much better than the native ones in spite of similar crystal morphology and packing. Diffraction data were collected, and SeMet-derived phases allowed for initial automatic model building using AutoBuild of the Phenix suite. The structures were subsequently refined at resolutions of 2.73 Å (native) and 2.0 Å (SeMet labeled) with R free values of 27.66 and 24.72%, respectively ( Table 1 ). The electron densities for the 6ϫHis tag, the N-terminal residues 190 to 241, and the loop L2 residues 297 to 300 are not visible, suggesting that these regions are flexible in the crystal. Two of the three monomers in the ASU form a tight homodimer with approximate dimensions of 63.4 by 59.4 by 40.7 Å (Fig. 1) . The third molecule in the ASU forms the same type of dimer with a crystallographically related molecule. The overall structure of the dimer reveals a coffee bean shaped molecule with the two subunits interacting in a yin-yang-like mode. Along the dimer interface, a prominent central groove (ϳ11 to 13.0 Å wide) is formed.
The structure of each monomer shows a compact core formed by 10 ␣-helices of various lengths, separated by loop regions ( Fig.  2A and C) . The N and C termini of the domain protrude out on the same side, although at different ends of the extended monomer. We termed them the N-terminal arm and C-tail, respectively. ICP27-CTD has been proposed to harbor a zinc-binding site, and this is found in the structure at the same end of the monomer from where the C terminus protrudes (Fig. 2C) . A DALI search performed with the ICP27-CTD monomer reveals no overall structural resemblance to any known protein structure in the PDB, supporting the notion that ICP27-CTD has a novel fold.
A striking feature of the dimer structure is that both the N and C termini extend from the core domain to make extensive interactions with the other protomer of the dimer. The C terminus extends into to the helical core of the other monomer and is enclosed in the subunit (Fig. 2B) . The N-terminal region, on the other hand, forms a long arm segment, which hugs the neighboring subunit. This involves primarily helices 1 and 2, where helix 1 interacts with the central part of the neighboring subunit, whereas helix 2 interacts with the region harboring the Zn binding site (Fig. 2B) .
Biophysical characterization of the dimer. ICP27 has been reported to form dimers that help in its import from cytoplasm into the nucleus (24) . We found ICP27-CTD to form dimers in a yin-yang orientation, as seen in the crystal structure. To confirm that the dimeric state of ICP27-CTD exists even in solution, we performed an analytic ultracentrifugation sedimentation equilibrium experiment. The data could be best fit to a monomer-dimer self-association model (Fig. 3) . The association constant (K a ) for this model is 1.8113 ϫ 10 6 M Ϫ1 with an root mean square deviation (RMSD) of 0.005 and chi-square value of 0.76828. The values for the other models are condensed in Table 2 . Zinc-binding site of ICP27. The structure reveals a zinc-binding site coordinated by residues C400, H479, C483, and C488 (Fig.  4) . Residues C483, C488, H502, and C508 have previously been proposed to be Zn ligands in ICP27 (21), whereas C400 and H479 are unanticipated Zn ligands, although they are highly conserved in all ICP27 homologs (Fig. 5 and Fig. 6 , lower inset). Residues H479, C483, and C488 are located in a compact helix-loop-helix motif (helices 9 and 10), where H479 and C488 are found in the Cand N-terminal loops of the helices, respectively, whereas C483 is found in the interconnecting loop. C400, on the other hand, is located in a distant preceding helix 6 that is packing onto the helix-loop-helix motif of the other zinc ligands using extensive hydrophobic and polar interactions.
The occupancy of the Zn atoms in the different subunits (in both native and SeMet-derivative structures) appears to be close to 100%. The coordination sphere of the Zn is tetrahedral with coordination distances for the cysteine sulfur of 1.9 to 2.5 Å and with histidine nitrogen of ϳ2.0 Å (Fig. 4, inset) . H479 is stabilized by back coordination to E482, which in turn makes a salt bridge to R405, which sits in the same helix as the distant C400 ligand (Fig.  4) . C483 is also stabilized by back coordination, in this case by hydrogen bonds to the main chain amino group of R480. The partial positive charge provide by this interaction indicate that C483 might be in its deprotonated form. C400 and C488, however, have no direct interactions contributed by protein residues, but there are several well-ordered water molecules available for stabilizing interactions with these groups. The compactness of the Zn-binding motif suggests that it is not a catalytic zinc site but rather has a structural zinc finger-like function. Zinc fingers are compact structural motifs, where the zinc serves as a central core to allow the stabilization of small domains. They typically serve as versatile domains for interactions with nucleic acids (35, 36) and other proteins (37) . A comparison with previously reported structures of zinc finger domains (38) reveals that ICP27 is structurally distinct and therefore provides a novel fold for a zinc finger domain. The motif is also unique in that it spans a large distance of 78 residues between the first and second zinc-binding residues.
Trans-subunit interaction of the N-and C-terminal arms of ICP27-CTD. The C-terminal end of ICP27-CTD consists of the highly hydrophobic stretch formed by residues 502 to 512. This stretch makes an intriguing insertion into the core of the neighboring subunit (Fig. 7A) . Also, the N-terminal residues 242 to 278 form an extended arm-like structure, constituted by helices 1 and 2 that wrap around the neighboring subunit. Together with other interactions at the subunit interface, these trans-subunit interactions of the N-and C-terminal arms are likely to assist in making ICP27-CTD a stable dimer, as confirmed by the biophysical study discussed above.
The C-terminal motif composed of residues HGKYFYCNSLF in HSV1 and HSV2, has a high degree of conservation in herpesviruses ( Fig. 5; Fig. 6 , upper inset) and is likely to be functionally important. We therefore label this motif the C-tail. In the ICP27-CTD structure, the C-tail is buried in the neighboring subunit, where it makes extensive interactions with helices 3, 4, and 5 and loop regions preceding helix 3 (residues 292 to 312). F506 and Y507 are the key interacting residues in the C-tail that are highly conserved. They are localized in an extended hydrophobic pocket formed by residues from helices 3, 4, and 5 (Fig. 7B) . A number of highly or partly conserved hydrophobic residues constitute this pocket, including the fully conserved L315 that makes an interaction with the F506 side chain (Fig. 5) . The extended backbone structure of Y505 and F506 is stabilized by the buried E358, which makes hydrogen bonds to the amino groups of Y505 and F506. E358 is buried and fully conserved in herpes sequences, and the importance of this residue is supported by a further salt-link-like interaction with the buried and highly conserved R340 (Fig. 5 and  7C ). K504 is also buried in the same region and makes polar interactions with E358. E347 is buried with its carboxylate group 4.3 Å from K504 (Fig. 7C) . Buried charges are unusual, and it is likely that this conserved and buried network of charged residues is important for the function of ICP27.
The C-tail extends through the subunit, exiting the hydrophobic pocket and emerging close to the N-terminal arm. The side chains of the C-tail L511 and F512 make hydrophobic interactions on the other side of the subunit to the N-terminal arm motif in the region between helices 1 and 2. The C-tail residues S510 and L511 also interact with a conserved YXPG motif (residues 463 to 466) preceding helix 9 (Fig. 7D) . The extended conformation of this motif is stabilized by the conserved and buried E357, which forms a charge-compensating side chain to the N termini of helix 10. The zinc ion is tetrahedrally coordinated by C400, H479, C483, and C488, shown by yellow dashed lines. H479, C483, and C488 form a helix-loop-helix structure. H479 is back-coordinated by E482, which in turn is stabilized by I475 and R405. R405 is in close proximity to the zinc-binding residue C400, providing more stability between helix and the helix-loop-helix. C483 is coordinated by R480.
Finally, the extended loop region between residues 302 to 312 forms a cap on the C-tail. The side chain of the conserved F303 interacts with the main chain of F506 and the aliphatic region of K504. The aliphatic region of R309 lines the aromatic Y507 of the C-tail, both of which are frequent residues in ICP27 homologs.
Although the high conservation of motifs involved in binding of the C-tail in the subunit structure is very clear and indicative of a key role in the function of ICP27, conservation is less evident in the helical N-terminal arm. Both helices of this arm are amphiphilic in nature, and the hydrophobic face is interacting with the core subunit, while the polar residues are predominantly exposed to the solvent. The residual sequence conservation in other herpes homologs, however, is sufficient to support that this motif is present on most, if not all ICP27 homologs.
Effect of in vitro phosphorylation of ICP27-CTD. ICP27 is involved in a series of processes in the nucleus and the cytoplasm, where it is attributed to a number of different protein interactions. Host protein-protein interactions are often regulated by phosphorylation, and phosphorylation events are reported to regulate a number of herpesvirus proteins (39) (40) (41) (42) (43) . ICP27 is observed to have both stable and transient phosphorylations (44) . Due to the multitude of functions executed by ICP27-CTD, it is possible that it harbors regulatory phosphorylation sites. These could change the structural properties to, for example, activate the protein for specific protein-protein interactions during particular steps of its functional cycle. It has been shown that ICP27 is phosphorylated in vivo at S114, probably by the cellular kinases PKA and CKII (45) . To investigate which additional potential serine/threonine sites are accessible for phosphorylation, and thereby identify potential functional regions, we performed an in vitro phosphorylation of purified ICP27-CTD using three different kinases-PKA, CKII, and PKC-and subsequently analyzed the phosphorylation patterns by mass spectrometry, the results of which are shown in the Table 3 . Interestingly, a number of sites are found in the region surrounding the C-tail interaction site, including S290, S311, T314, and S321 in the loop region, which caps the C-tail (Fig. 8A) . This region capping the C-tail has a high B-factor value (Fig. 7A) , indicating higher flexibility and therefore potential availability as the substrate for kinases. Similarly, multiple phosphorylation sites are found in close proximity of the zinc-binding motif, including S266, S268, S272, T478, S484, S485, and S493 (Fig. 7B) . These may be involved in phosphorylation-induced local conformational changes. A detailed study of the effects of phosphorylation in this region may shed some light on possible regulatory mechanisms of ICP27.
DISCUSSION
The functions of a large number of herpes proteins are still poorly understood at the structural level. This can partly be attributed to the challenges of purifying and determining , and UL54 from equine herpesvirus 9 [EHV9]), the betaherpesvirus family (UL69 from HHV5), and the gammaherpesvirus family (ORF57 from HHV8). Secondary structural elements of ICP27-CTD are drawn above the sequences as green ␣-helices with black-lined loops, with a red dashed line showing the position of the four missing residues. Residues conserved in all sequences are highlighted in red boxes with a white font; residues with similar sequences are highlighted in a red font. Residues involved in the zinc-binding motif of ICP27-CTD are marked with a red star. A black box is used to indicate the residues forming the C-tail, a yellow box indicates the hydrophobic pocket region, and a purple box indicates the flexible cap region as observed in ICP27-CTD structure. Residues involved in key interactions between the hydrophobic pocket and the C-tail are marked with a blue star. Orange triangles indicate the positions of residues phosphorylated in the in vitro assay and analyzed by mass spectrometry. Multiple sequence alignment was performed using CLUSTAL Omega, and sequence similarities were rendered using ESPript3. The sequence of ICP27 homolog from HHV4, i.e., the EB2 protein, is manually aligned to the above multiple sequence alignment. The conserved residues are boxed in red.
FIG 6
Mapping of amino acid sequence conservation on ICP27-CTD structure. Based on multiple sequence alignment of ICP27 and its homologs, the conserved amino acid residues are mapped on the ICP27-CTD structure. Depending on the extent of conservation, the residues are colored from red, for highest conservation, to blue, for nonconserved residues. The upper inset shows the hydrophobic pocket, lined with conserved residues, along with the C-tail inserted in it. The lower inset displays the highly conserved zinc-binding residues. UCSF Chimera was used for rendering by sequence conservation. The final images were prepared in PyMOL.
structures from viral proteins, which are, in general, more flexible and unstable (46) (47) (48) . We particularly faced these challenges when overexpressing and purifying the flexible N-terminal domain of ICP27, between residues 1 to 210. Most of the constructs that expressed suffered from heavy degradation and were very difficult to purify. The few protein constructs of the N-terminal domain that we managed to purify did not crystallize in any crystallization screens (data not shown). We have managed to produce a stable construct of the essential C-terminal domain of ICP27. This has helped us to determine a high-resolution crystal structure, providing the first structural information on this important protein.
The fold of ICP27-CTD is novel, but the weak yet significant sequence similarity supports that the overall fold is likely to be conserved in members of all herpes families (Fig. 5) . ICP27-CTD is sufficient to form dimers in solution as observed from multiangle light scattering analysis (data not shown) and analytical ultracentrifugation data (Fig. 3) . The core structure of ICP27 is formed by a bundle of 10 ␣-helices ( Fig. 2A and C) ; this is in contrast to the structure predictions suggesting that the core fold of the C-terminal region of ICP27 should have three KH domains (19, 20) . KH domains contain essential ␤-sheets and overall have different folds than seen in our structure (49) . A fold for the KSHV ORF57 was also generated using computational methods, which is very different from the fold value observed in our structure (50) . Many herpes proteins lack significant homology to known structures, but this warrants caution when using weak fold prediction methods for generating working models for their structural information.
The Zn-binding domain of ICP27-CTD also has a novel fold and is unique in the sense that the first metal ligand C400 is distant in sequence to the other three ligands (Fig. 4) . Still, the fold of this domain is compact with the Zn in the center of the domain, and the domain has properties similar to those of other zinc finger-like domains. When the Zn domain is positioned on the surface of the protein, it is likely involved in interacting with other proteins. The exposed charge distribution of the domain does not support that it would be involved in binding RNA.
A striking feature of the structure of ICP27-CTD is the N-and C-terminal extensions inserting and wrapping around the partner monomer in the dimer (Fig. 1) . Extended arms covering the surfaces of neighboring subunits, as the N-terminal arm of ICP27-CTD, is not unusual in protein complexes. In many cases, they probably have major roles in constitutively stabilizing the complex, but they might also have regulatory roles where they, for example, are released during the functional cycle or needed in dimeric form to perform function (51, 52) . The N-terminal heli- T244, S266, S268, S290, S311, T314, S493  CKII  T244, T249, S266, S272, S290, T478, S484, S493  PKC  T220, T244, T248, S255, S268, S272, S290, T314,  S321, T335, S484, S485, S493 ces of ICP27-CTD appear to be largely aliphatic, interacting with their hydrophobic face onto the core domain. Since these may be relatively strong interactions, their role is more likely to constitutively stabilize the complex, rather than to serve as regulatory elements, although the later cannot be excluded. The C-terminal C-tail, on the other hand, forms an unusual structure by inserting itself into the core domain of neighboring ICP27-CTD (Fig. 7A) . The high conservation of, and around, the C-tail in the structure suggests that this is important and potentially also plays a role in ICP27 function (Fig. 5) . The structure around the C-tail indicates that the bundle of helices 3, 4, and 5 and loop L2 could be seen as a subdomain when they reside on one side of the C-tail. The loop shows significantly higher B values than the remaining core domain (Fig. 7A) . A slight rotation of this subdomain could allow the C-tail to be released and exposed to the surface, where it could be involved in specific interactions. Alternatively, during the formation of the dimer, the flexibility of this subdomain could allow the C-tail to bind into the core domain. We have made extensive efforts to express ICP27 and its homologs with alterations in the C-tail region, but none of these proteins have been stable enough for biochemical or structural studies. We have instead phosphorylated ICP27-CTD with three different protein kinases to investigate potential regulatory sites and whether phosphorylation can change properties of the protein, including oligomerization and the C-tail behavior. Wilcox et al. reported that ICP27 harbors both stable and transient phosphorylations that may be regulating its activity within the cell (44) . Phosphopeptide mapping of ICP27, performed using in vivo and in vitro techniques, revealed some probable phosphorylation sites, mapped to the N-terminal region of the protein (45) . Based on these findings, it was shown that mutations in N-terminal phosphorylation sites may lead to altered interactions between ICP27 and Aly/REF and may result in defective viral replication (53, 54) . In our study, several phosphorylation sites where mapped in the region of the C-tail binding pocket and also around the zinc-binding motif ( Fig. 7A and B ).
We used a limited proteolysis approach to assess whether the overall structure was destabilized and whether the C-tail was released, i.e., being more exposed upon phosphorylation; however, no increase in proteolytic sensitivity was seen (data not shown). Further probing, including in vivo studies may be needed in order to determine conclusively the effects of phosphorylation in these key regions. It would be interesting to explore whether these phosphorylations in conserved regions of the protein could lead to or disrupt protein-protein interactions, disrupt the dimeric conformation, or act as some sort of a signal in switching between one or more of the various functions of ICP27. ICP27 plays a role in multiple processes during its functional cycle and has been, in addition to mRNA binding, implicated in interactions with a number of different proteins (25) . In most studies, however, it is not clear which of the ICP27 domains makes these interactions. Because only cellular interaction studies have been performed, it is debatable whether the interactions are direct or mediated through other protein components. Based on our structural information, the Zn-binding motif stands out as a likely region for interactions with other proteins, although other regions are also likely to be involved. It has been proposed that the ICP27-CTD makes direct interactions with mRNA, in addition to the well-characterized interactions made by the RGG motif in the N-terminal of ICP27 (17, 18) . ORF57 contains two proposed RNA binding sites: N-terminal RGG1 (residues 138 to 140) and C-terminal RGG2 (residues 372 to 374) (55) . This RGG2 corresponds to the RRR motif (residues 416 to 418) in ICP27. Although this motif is exposed on the surface of ICP27 protein, this surface region appears to lack the appropriate pockets and charge distribution for interactions with RNA.
In summary, we provide the first structural information of ICP27, which reveals a novel and interesting fold and a novel type of Zn-binding domain. The structural and biophysical data support that ICP27 is a constitutive dimer with an intriguing arm exchange structure. Weak yet significant sequence similarity sup- port that these features are common for homologs in alpha-, beta-, and gammaherpesviruses. We also observed that the secondary structural CD profile of the ICP27 homolog, EB2 from EBV, is strikingly similar to that of ICP27-CTD (data not shown). The ICP27-CTD structure now provides a framework for re-evaluating previous structure predictions based on primary sequence, as well as predictions of interaction modes with potential protein partners. In particular, it should be valuable in guiding site-directed mutagenesis studies in vivo of the potential functional regions of ICP27 and their specific roles in making the multitude of interactions proposed for ICP27 function.
